Nanometer-sized In particles (5-45 nm) embedded in the Al matrix were prepared by using melt-spinning and ball-milling techniques. Different crystallographic orientationships between In nanoparticles and the Al matrix were constructed by these two approaches. Melting behavior of the In particles were investigated by means of differential scanning calorimetry (DSC). It was found that the epitaxially oriented In nanoparticles (with the Al matrix) in the melt-spun sample were superheated to about 0-38 ± C, whereas the randomly oriented In particles in the ball-milled sample melted below its equilibrium melting point by about 0-22 ± C. We suggest that the melting temperature of In nanoparticles can be either enhanced or depressed, depending on the epitaxy between In and the Al matrix.
I. INTRODUCTION
Studies of the melting process of nanometer-sized crystallites have drawn considerable interest during recent decades, because they are not only helpful to understand the melting mechanism, but also useful to reveal the thermodynamic aspect of nanostructures. A body of evidence shows that the melting temperature of nanometer-sized free particles is often decreased, and the melting temperature depression was found to be inversely proportional to their particle sizes. [1] [2] [3] [4] [5] This dependence arises mainly because of the increasing surface-to-volume ratio with the decreasing particle size. Such a phenomenon has also been reported for some cases of embedded particles. [6] [7] [8] A renewed surge of experimental results shows, however, that the melting temperature for the epitaxial precipitates may also be substantially increased, as with the In and Pb embedded in an Al matrix. [9] [10] [11] [12] Although arguments on this behavior are not in agreement, it is generally related to the interface effect. Cahn suggested that the observed superheating originates from the epitaxy between the embedded particles and the matrix, and no substantial superheating is expected for the incoherent interfaces. 13 Therefore, it is necessary to carry out a comparative study of the melting behavior of the embedded particles with different orientations with the matrix in order to clarify the intrinsic effect of the interface structures on the melting process.
II. EXPERIMENTAL
In the present work, two kinds of In nanoparticles in the Al matrix were synthesized: (i) epitaxially oriented with respect to the Al matrix in a melt-spun In͞Al specimen, and (ii) randomly oriented with the Al matrix in a ball-milled specimen. A comparative investigation on their melting behavior was performed, and both superheating and melting point depression phenomena were experimentally observed.
An alloy ingot with a composition of Al-7 wt. % In was prepared by arc-melting of 99.999% pure Al and In in a water-cooled copper crucible under Ar atmosphere. The In͞Al thin ribbon 2-3 mm wide, 20 mm thick, and a few meters long was obtained by the melt-spinning technique. The overall composition of the as-quenched ribbon remained as Al -7 wt. % In. Commercial elemental powder blends of Al and In (purity 99.999% and particles less than 100 mesh) with the same composition of the melt-spun sample were used as starting materi-als for the ball-milled samples. Ball milling was performed in a vibratory ball mill. High hardness, good wear-resistant chrome steel balls were used; the ball-topowder weight ratio was 30 : 1. The as-quenched and as-milled Al-In samples were examined by using x-ray diffraction (XRD), energy dispersive x-ray spectroscopy (EDX), transmission electron microscopy (TEM), and high resolution transmission electron microscopy (HREM) technique. XRD experiments were carried out on a Rigaku x-ray diffractometer (D͞max-ra, 12 kW) with Cu K a radiation. TEM and HREM were conducted on a JEOL-2010 microscope. Specimens for TEM and HREM observations were prepared by ion thinning for the melt-spun ribbons and for the as-milled samples (which were consolidated from the as-milled powders).
The melting behavior of In was monitored by using a Perkin-Elmer differential scanning calorimeter (DSC-7), with a sensitivity of 0.02 mJ͞s for energy measurements. Either the melt-spun ribbons (5-8 pieces, about 2 mm 3 2 mm 3 20 mm) or the as-milled samples (compacted, about 2 mm 3 2 mm 3 0.5 mm) were sealed in aluminum pans and heated in a flowing argon atmosphere at a constant heating rate of 10 ± C͞min. The temperature with an accuracy of ±0.02 K and energy measurements for DSC were calibrated by pure In and Zn standard samples.
III. RESULTS
Figure 1(a) shows a bright-field TEM image of the In͞Al melt-spun ribbon. It can be seen that the faceted In particles are distributed throughout the Al matrix. The In particle sizes are in a range of 5-40 nm with a mean diameter of 21 nm. The inset of Fig. 1(a) is the corresponding selected area electron diffraction pattern (SAED). The orientational relationship between In and Al, as well as the In cross-sectional shapes, may be obtained by tilting the matrix to different symmetric zone axes and generating the superimposed Al and In electron diffraction patterns. The In particles were found to have an orientation relationship with the Al matrix which can be described as ͕111͖ Al jj ͕111͖ In and ͗110͘ Al jj ͗110͘ In . The In particles were also found to be truncated octahedral bounded by ͕111͖ Al and ͕100͖ Al facets (see, for details, Refs. 11 and 15). A HREM image, as shown in Fig. 1(b) , shows a typical example of the hexagonal cross section of the In particles, obtained with the electron beam parallel to the ͗001͘ Al zone axis. In addition, moiré fringes and the highly ordered In͞Al interfaces in the HREM image are clearly seen, suggesting the epitaxy relationship between In particles and the Al matrix. These results agree with those reported previously. [9] [10] [11] It was also found that there are some larger irregular In particles located at the Al grain boundaries. In the ball-milling experiments, we found that In particle size decreases with the milling proceeding and tends into the nanometer regime. The final product is a nanostructured mixture of pure Al and In phases. No alloying effect was observed between Al and In even when the grains are extremely small. The details of the structural changes during ball milling were reported elsewhere. 14 A typical TEM image of the In͞Al sample ball milled for 10 h was shown in Fig. 2(a) . It is evident that the In particles, which are in the form of irregular shapes, are embedded in the Al matrix. The In nanoparticles, about 5-45 nm in diameter, were uniformly distributed in the Al matrix, with a statistical mean diameter of 13 nm, which is in satisfactory agreement with the XRD measurements. The inset in Fig. 2(a) is a selected area electron diffraction pattern for the In͞Al sample, from which we found both the In and the Al phases are random in orientations. No epitaxial orientation relationship between In and Al can be identified. HREM observations of In͞Al milled powder have been performed in order to explore the morphologies of embedded In particles, and a typical HREM image is shown in Fig. 2(b) . Nanometersized In particles are clearly found to locate either inside Al grains or at the Al grain boundaries. Interlayer phases between In͞Al have not been found in our HREM observations. Evidently, morphologies and the In and Al interface structures in the as-milled sample are different from those in the melt-spun sample.
Figures 3(a) and 3(b) show typical DSC curves of endotherms for the In nanoparticles melting in the meltspun and ball-milled Al -7 wt. % In specimens, respectively. For the melt-spun In͞Al specimen [ Fig. 3(a) ], the In particles melted with two continuous endotherms over Sample 15 which agrees well with the broad endothermal peaks in the DSC curve. Table I . Similar melting behavior for Pb nanoparticles embedded in Pb͞Al systems has also been detected. 16 Due to the different synthesis processes, some additional factors may affect the melting behavior of the In nanoparticles, such as introduced impurities (in the ballmilled samples, we detected traces of iron impurities from contamination, about 0.03 wt. % per hour) and microstrains during milling and quenching processes. However, these external factors from the synthesis methods cannot account for the change in the melting behavior of In particles in the In͞Al dispersions. 15 The intrinsic mechanism for superheating is still controversial. It has been related to strain energy effects, 17, 18 interface energy effects, 10, 16, 19 and kinetic barriers to nucleation. 11, 20, 21 The strain energy effects, resulting from coefficients of thermal expansion and volume expansion due to melting, may possibly cause the melting point elevation of In particles in the meltspun sample. Compared with the observed melting point elevation of In particles, however, the elevation due to strain energy effects (about 6.2 K) is so small that it can be neglected. 15, 17 In the ball-milled In͞Al sample, the melting point of In will not be influenced by the strain energy effects because of the rapid relaxation of the Al matrix. 15 In one word, the strain energy effects could not explain the different melting behavior of In nanoparticles in the Al matrices. From the thermodynamics point of view, the different melting behavior of finite particles can be related to the Gibbs-Thompson effect or interface energy effects, which have been addressed in recent papers. 10, 15, 16 In this paper, the different melting behavior of In particles will be alternatively interpreted according to the thermal vibration instability model, 22 which is based on Lindemann's criterion for the melting temperature 23 as described by the following equation:
where T m ͑`͒ is the bulk melting temperature, T m ͑r͒ is the melting temperature of a spherical particle with a radius of r, and h corresponds approximately to the height of a monolayer of atoms on the bulk crystals. a is a directly experimentally measurable parameter, which is equal to s y represent the mean-square displacement for the surface and interior atoms of the corresponding crystal. It can be seen that if a is greater than 1, i.e., the surface (interface) atoms are constrained to smaller vibrations than the interior atoms, then superheating will be observed. On the other hand, intensification of thermal vibrations of the surface (interface) atoms will cause melting point depression of the embedded particles.
IV. CONCLUSIONS
For In nanoparticle in the melt-spun In͞Al specimen, we observed epitaxy between In and Al. Therefore, the thermal vibration of interfacial atoms of In particles might be suppressed due to the epitaxy, as suggested by Shi, 22 leading to the parameter a , 1, which might explain the significant superheating of In nanoparticles in the melt-spun In͞Al specimen. In contrast with the epitaxy between In and Al in melt-spun In͞Al, In particles are randomly oriented with the Al matrix in the ball-milled In͞Al. These interfaces provide enough space for the In atoms to vibrate more freely than those atoms within the ordered In crystals. Hence, a depression of the melting temperature results, as indicated by the equation above. Consequently, it can be concluded that the In particles in the Al matrix can be either increased or decreased, depending on the interfacial structure between In and Al.
